This experimental study provides striking examples of the complex flow and turbulence structure resulting from blade-wake and wake-wake interactions in a multi-stage turbomachine. Particle Image Velocimetry (PIV) measurements are performed within the entire 2 nd stage of a two-stage turbomachine. The experiments are performed in a facility that allows unobstructed view of the entire flow field, facilitated using transparent rotor and stator and a fluid that has the same optical index of refraction as the blades. This paper contains data on the phase-averaged flow structure including velocity, vorticity and strain-rate, as well as the turbulent kinetic energy and shear stress, at mid span, for several orientation of the rotor relative to the stator. Two different test setups with different blade geometries are used in order to highlight and elucidate complex phenomena involved, as well as to demonstrate that some of the interactions are characteristic to turbomachines and can be found in a variety of geometries.
stage. Even before interacting with the blade, localized regions with concentrated mean vorticity and elevated turbulence levels form at the intersection of the rotor and stator wakes of the 1 st stage. These phenomena persist even after being ingested by the rotor blade of the 2 nd stage. As the wake segment of the 1 st stage rotor blade arrives to the 2 nd stage, the rotor blades become submerged in its elevated turbulence levels, and separate the region with positive vorticity that travels along the pressure side of the blade, from the region with negative vorticity that remains on the suction side. The 1 st stage stator wake is chopped-off by the blades. Due to difference in mean tangential velocity, the stator wake segment on the pressure side is advected faster than the segment on the suction side (in the absolute frame of reference), creating discontinuities in the stator wake trajectory. The nonuniformities in phase-averaged velocity distributions generated by the wakes of the 1 st stage persist while passing through the 2 nd stage rotor. The combined effects of the 1 st stage blade rows cause 10°-12° variations of flow angle along the pressure side of the blade. Thus, in spite of the large gap between the 1 st and 2 nd rotors (compared to typical rotor-stator spacings in axial compressors), 6.5 rotor axial chords, the wake-blade interactions are substantial. The second part focuses on the flow structure at the intersection of the wakes generated by a rotor and a stator located upstream of it. In both test setups the rotor wake is sheared by the non-uniformities in the horizontal velocity distributions, which are a direct result of the "discontinuities" in the trajectories of the stator wake. This shearing creates a kink in the trajectory of the rotor wake, a quadruple structure in the distribution of strain, regions with concentrated vorticity, high turbulence levels and high shear stresses, the latter with a complex structure that resembles the mean strain. Although the "hot spots" diffuse as they are advected downstream, they still have elevated turbulence levels compared to the local levels around them. In fact, every region of wake intersection has an elevated turbulence level. 
NOMENCLATURE

INTRODUCTION
The unsteady flow field around and in the wakes of the rotor and stator blades embedded within a multi-stage turbomachine is dominated by the interaction of the upstream rotor and stator wakes with the downstream blades and wakes. These interactions can have a significant impact on the vibration and acoustic characteristics of the machine. Therefore obtaining reliable and detailed experimental data on the interaction of the rotor and stator blades in a multi-stage turbomachine is critical, not only for understanding the physical mechanisms but also for the development of reliable and accurate computational methods as well.
In a multi-stage turbomachine environment the upstream rotor and stator wakes are chopped into segments as they pass through rotor and stator blade rows. The wake segments are then transported through the rotor-stator gaps and blade passages, while interacting with wakes generated by other blades as well as with the blades themselves. These interactions cause substantial variations in the spatial and temporal distributions of momentum, energy and turbulence across the stage. Numerous numerical and experimental studies have already focused on blade-wake and wake-wake interactions. Numerical studies include unsteady RANS simulations (e.g. Rai [1] , Ho and Lakshminarayana [2] , Valkov and Tan [3] ). The basic idea behind the steady AveragePassage RANS (Adamczyk [4] , Dawes [5] , Denton [6] , Rhie et al [7] ) is to account for the unsteady interaction using deterministic stress models. Flow non-uniformities associated with "chopping of a wake " and the "negative jet" behind a rotor blade have already been identified in numerical simulations (e.g. Ho and Lakshminarayana [2] , Valkov & Tan [3] ). These phenomena have also been observed experimentally in 2D PIV measurements performed by Chow et al. [8] .
Experiments investigating unsteady rotor-stator interactions in turbomachines have mostly been performed using single point measurements by traversing between the blade rows and within the blade passages, both in stationary and rotating frames of references. These measurements have been performed using a variety of probes including hot-wire, hot-film, LDV, split hot-film, five hole pitot, high response pressure transducer, etc. (Chesnakas and Dancey [9] , Stauter et al. [10] , Zaccaria and Lakshminarayana [11] , Prato et al. [12] , Suryavamshi et al. [13] [14], Sentker and Reiss [15] ). Investigations of the effect of upstream wakes on mixing have been performed using "tracer gas technique" (e.g., Li and Cumpsty [16] ). Although the amount of experimental data is substantial, inherently, these measurements cannot cover the entire stage, and as a result miss some of the details essential for understanding the complex physical mechanisms involved. Only experimental data that covers the entire flow field in a multistage turbomachine can resolve all the "causes and effects." Thus, in recent years 2-D Particle Image Velocimetry (PIV) is gaining increasing popularity as a means to investigate the flow with turbomachines (Dong et al. [17] [18], Day et al [19] , Tisserant and Bruegelmans [20] , Gogineni et al [21] , Sanders et al [22] , Sinha et al. [23] [24], Wernet [25] ). PIV requires optical access for the laser sheet and the camera to the region of interest, whereas the flow field in a multi-stage turbomachine is usually optically obstructed by the blade rows. In addition, light reflections from the blade surfaces and end-walls tremendously affect the quality of images, especially near the boundaries. As a result, previously obtained data in multi-stage axial turbomachines have covered limited areas, away from boundaries and mostly between blade rows. In order to overcome this problem, Uzol et al. [26] and Chow et al. [8] have introduced a new facility that enables unobstructed PIV measurements within an entire stage by matching the optical index of refraction of the blades and the working fluid. This method not only makes it possible to obtain a complete optical access to the entire stage, it also minimizes the light reflection from the boundaries. This paper contains data obtained in this facility.
The PIV measurements are performed within the entire 2 nd stage of a two-stage axial turbomachine, but the present paper focuses on the flow around and immediately downstream of the rotor blades. Complementary data on the overall flow structure and turbulence within the stage can be found in Uzol et al. [26] [27] and Chow et al [8] . The main objective is to investigate the phase-dependent interactions of wakes generated by the upstream blade rows with the rotor blades and its near wake. As this paper demonstrates, the upstream wakes cause substantial temporal and spatial non-uniformities in the flow structure and turbulence level. These non-uniformities are caused both by the wake of the neighboring stator, as well as by the wake of 1 st stage rotor that is located 6.5 rotor axial chords upstream.
EXPERIMENTAL SETUP AND PROCEDURES
Facility
The axial turbomachine test facility enables us to perform complete PIV measurements at any point within an entire stage including the rotor, stator, gap between them, inflow into the rotor and the wake downstream of the stator. The unobstructed optical access is facilitated using a rotor and stator made of a transparent material (acrylic) that has the same optical index of refraction as the working fluid (concentrated solution, 62%-64% by weight, of NaI in water). This fluid has a specific gravity of 1.8 and a kinematic viscosity of 1.1x10 -6 m 2 /s, i.e. very close to that of water. Thus, the blades become almost invisible, do not obstruct the field of view, do not alter the direction of the illuminating laser sheet while passing through the blades, and minimize the reflection from the boundaries. Information related to use and maintenance of the NaI solution can be found in Uzol et al. [26] . Table 1 . The ultimate purpose of this arrangement is to study the stability of swirling wakes, but in this paper the data is used to demonstrate the formation of turbulent hot spots behind the rotor in an environment where the wakes of the 1 st stage are suppressed by the honeycomb.
PIV Setup and Experimental Procedure
Optical access is provided by a window that extends from upstream of the rotor, covers the entire 2 nd stage and terminates downstream of the stator (Figures 1 and 2 ). An additional transparent insert enables us to insert a probe containing the laser-sheet optics ( Figure 2 ). Consequently, we can illuminate any desired plane with a laser sheet from the hub to the tip of the blades, including the tip-gap. The interrogated planes can be parallel or normal to the axis of the turbomachine. The corner window also provides us with an optical access to the interior of the rotor and the stator, which is essential for future, 3-D, HPIV measurements (Zhang et al. [28] ).
The PIV setup is shown in Figure 2 . The light source is a 50 mJ/pulse dual-head Nd-YAG laser whose beam is expanded to generate a 1 mm thick light sheet. The flow is seeded using 20% silver coated, hollow glass, spherical particles, which have a mean diameter of 13µm and an average specific gravity of 1.6, i.e. slightly below that of the working fluid. The images are recorded by a 2048×2048 pixels 2 , Kodak ES4.0, 8-bit, cross-correlation digital camera and stored in a computer. The laser and the camera are synchronized with the orientation of the rotor using a shaft encoder that feeds a signal to a controller containing adjustable delay generators. Consequently, we can acquire data at any desired rotor phase. The controller also monitors the temperature of the facility and the pressure difference that the turbomachine generates.
The measurements involving Test Setup No. 1 cover the entire 2 nd stage including the inflow to the rotor, the flow around the rotor, the gap between the rotor and the stator, the flow around the stator and the stator wake. Data has been obtained at 10 rotor phases, every three degrees of blade orientation, which cover an entire rotor blade passage of 30°. In this paper we present data recorded at the mid-span plane and at a rotational speed of 500 rpm. For each condition (phase and location) at least one hundred instantaneous realizations have been recorded. For selected cases we record 1000 images in order to obtain converged statistics on the turbulence. The sample area is 50x50 mm 2 , and as a result several (five) data sets at different axial locations with sufficient overlap have been recorded to cover the entire stage. Data analysis includes image enhancement and cross-correlation analysis using in-house developed software and procedures (Roth et al. [29] [30]). Adapting these procedures to the current geometry, including specific modifications to the image enhancement procedures, and removal of the blade trace/signature prior to velocity computations are discussed in Uzol et al. [26] .
The uncertainty in mean displacement in each interrogation window is about 0.3 pixels, provided the window contains at least 5-10 particle pairs. For the typical displacement between exposures of 20 pixels, the resulting uncertainty in instantaneous velocity is about 1.5%. Slip due to the difference between the specific gravity of the particle (1.6) and that of the fluid (1.8) may cause an error of less than 0.2%, i.e. much less than other contributors (Sridhar and Katz [31] ).
RESULTS AND DISCUSSION
Flow Field in the Entire Stage.
Unless specifically stated, most of the data presented in this paper is obtained using Test Setup No. 1. The phase-averaged data and turbulence parameters are calculated using,
where N=100 is the number of instantaneous vector maps, u and v are the streamwise and lateral (almost circumferential, although the light sheet is flat) velocity components, respectively, and the overbar indicates an ensemble average. The 3/4 coefficient for k, the "turbulent kinetic energy", is selected to account for the out of plane velocity component assuming that it is an average of the available measured components.
Sample phase-averaged velocity and turbulent kinetic energy distributions within the entire stage, obtained by combining the data from all the sample areas, are presented in Figure 3 . In the phase-average velocity distribution one can observe the high momentum regions on the suction side of the stator blade, along the aft suction side of the rotor blade and in the near wake of the rotor blade. The latter can be seen in the wake of the rotor blade that is already beyond the sample area and that rotor wake can easily be identified in the k distribution.
The turbulent kinetic energy plot in Figure 3b reveals four distinct rotor wakes: one trailing behind the rotor blade, the second one impinging on the leading edge of the stator blade, the third one located inside the stator passage and the fourth exiting the stator passage, confined between the two stator wakes. The rotor wakes are transported through the stator passage after they get "chopped off" by the stator blades. The wake of the 2 nd stage stator is clearly visible. It follows a thickening of the boundary layer (but no separation, see Uzol et al. [26] ) near the trailing edge, on the suction side of the stator.
Upstream of the rotor row, on the top and bottom of the right hand side of the contour map, one can see the wakes of 1 st stage stator (in this example the lower one is barely visible). These wakes are broken to segments and scooped by the rotor blades. Traces of this wake can be identified all the way to the exit of the next stator as almost horizontal layers of elevated turbulence in the regions between the rotor wakes. Due to differences in velocity on the two sides of the rotor, the 1 st stage stator wake is discontinuous across the rotor wake. At the intersection of the rotor and stator wakes, for example above the leading edge of the stator in the sample shown, a wide region of elevated turbulence level forms. As discussed in detail in the following sections, this phenomenon has been observed frequently at intersections of rotor and stator wakes and we will refer to it as a turbulent "hot spot". A little less obvious, but still evident is the wake of the 1 st stage rotor (details and clearer illustrations follow). In the phase shown it engulfs the leading edge of the 2 nd stage rotor.
Interaction of the rotor blade with upstream rotor and stator wakes
Complex wake-blade interactions occur as the 1 st stage rotor and stator wakes pass through the rotor of the 2 nd stage. Figure 4 is a sample turbulent kinetic energy distribution (for one of the phases) within the 2 nd stage rotor, illustrating the presence of several distinct wake zones generated by the rotor blade and the upstream blade rows. The two 1 st stage stator wakes, which are aligned almost horizontally on the upper and lower parts of the map, as well as the 2 nd stage rotor wake are clearly visible. In addition, in spite of being weaker, one can still identify the 1 st stage rotor wake, which is inclined between the stator wakes, and extends just in front of the blade leading edge. The 1 st stage stator wake in the lower right corner of the domain is being chopped off by the rotor blade. Figure 5 shows eight flow parameters at 4 different phases of the rotor blade, including the phase-averaged axial velocity, lateral velocity, velocity magnitude, absolute flow angle, vorticity and shear strain rate, as well as the turbulent kinetic energy and Reynolds shear stress. The following characteristic patterns exist in all of these distributions: a. When the stator wake is not interacting with other blades or wake, it is characterized by low phase-averaged axial velocity, mean vorticity of opposite signs on both sides of the wake, high turbulent kinetic energy, peaking at the center of the wake, and shear stresses of opposite signs peaking on both sides of the wake. b. The near-field rotor wake is characterized by a high vertical velocity and low horizontal velocity, resulting in high flow angle. Proceeding across the wake, there is an abrupt change in velocity magnitude, especially near the trailing edge of the blade. The turbulent kinetic energy is very high, with peak values reaching k U tip 2 =39x10 -3 , and the two sides of the wake have relatively high vorticity of opposite signs. The high shear stresses are initially positive throughout the wake and then start having opposite signs. c. The wake of the 1 st stage rotor is inclined and weaker, but still has elevated levels of k, with mean vorticity and Reynolds shear stress with opposite signs on both sides. Before interacting with the rotor blade, the signature of the 1 st stage rotor wake is particularly evident at t/T R =0.3, as inclined lines with elevated vorticity and shear stress of opposite signs. 
When these wakes interact with each other and with the rotor blade, the result is a very complicated flow field. To illustrate specific phenomena, we follow them across the phases and identify specific cases where they are particularly noticeable.
Chopping of the stator wake: As it passes through the rotor, the stator wake is chopped-off by the blades. As the k distributions show most clearly, at t/T R =0.7 the leading edge of the blade cuts through the wake and at t/T R =0.1 the high turbulence region is aligned with the pressure side of the blade. Due to difference in mean vertical velocity, the stator wake segment on the pressure side is advected upward faster than the segment on the suction side (in the absolute frame of reference), creating what appears to be a discontinuity across the rotor blade and its wake. This phenomenon is particularly evident in the distribution of k and horizontal velocity at t/T R =0.7. At the intersection of the blade with the stator wake, the horizontal velocity component is lower, for example on the pressure side of the blade at t/T R =0.3.
Interaction of the 1 st stage rotor wake with the 2 nd stage rotor blade: As the wake segment of the 1 st stage rotor blade (bounded by the two stator wakes) arrives to the 2 nd stage, the rotor blades cuts through it, separating the region with positive vorticity (left side) that travels along the pressure side of the blade, from most of the region with negative vorticity that remains on the suction side. This process starts at t/T R =0.7, and as it progresses at t/T R =0.1, 0.3 and 0.5, it creates wide regions with positive vorticity along the pressure side of the blade and negative vorticity on the suction side. The contribution of the blade itself to the vorticity is confined to the flow very near the surface and in the blade wake, consistent with the fact that the boundary layer on the rotor blade remains attached. Cutting through the 1 st stage rotor wake, as the k distributions at t/T R =0.1, 0.3 and 0.5 confirm, also puts the blade in a wide flow domain with positive Reynolds stress on both sides of the blade, including the pressure side, where the wall generated shear stress should be negative.
Interaction of the 1 st stage rotor wake with the 1 st stage stator wake: Even before interacting with the blade, localized regions with high/concentrated mean vorticity and elevated turbulent kinetic energy form at the intersection of the rotor and stator wakes of the 1 st stage. This phenomenon can be observed at (t/T R =0.5, x/L S =0.05, y/L S =0.025) and (t/T R =0.7, x/L S =0.075, y/L S =0.05). Consistent with the discussion below, we suspect that this phenomenon is a remainder of turbulent hot spots generated at wake-intersections of the 1 st stage. The concentrated vorticity and elevated turbulence at the intersection persists after being engulfed by the blade (t/T R =0.1, x/L S =0.15, y/L S =0.1-0.15). The shear stresses are also high at the same location.
Non-Uniformity in mean flow associated with wake-blade interactions: The non-uniformities in phase-averaged velocity distributions generated by the wakes of the 1 st stage persist while passing through the 2 nd stage rotor. For example, as the distributions of v and α at t/T R =0.1 and 0.3 show (especially the latter), the 1 st stage rotor wake increases the vertical velocity component and flow angle along the pressure side of the blade. The stator wake generates regions with low velocity, for example downstream of the leading edge of the rotor blade at t/T R =0.7.
The combined effect of the 1 st stage rotor and stator cause 10°-12° variations of flow angle along the pressure side of the blade. The non-uniformity in the tangential velocity implies significant effects on the work input of the blade row. Indeed, as discussed in Uzol et al [27] , the wake-induced tangential variations in the work input of the present system are about 13%. Thus, the interaction with wakes has a considerable effect on the performance of the turbomachine in spite of the relatively large blade row spacings specified in Table 1 . Combining the gaps and the stator passage, the 1 st stage rotor trailing edge is located 6.5 rotor axial chords upstream of the 2 nd stage rotor. Nonetheless, the wake-blade interactions are substantial.
Formation of "kinks" and "turbulent hot-spots" due to wake-wake interactions
We have already mentioned that turbulent hot spots, i.e. localized regions with high turbulent kinetic energy, are generated at the intersection of the Figure 6 shows the phase-averaged velocity magnitude, flow angle, vorticity and mean shear strain rate as well as the turbulent kinetic energy and Reynolds shear stress distributions in the wake of the 2 nd rotor. Two rotor wakes, one trailing behind the blade and the other on the top left corner, as well as two horizontally aligned segments of the upstream stator wake located in between the rotor wakes are clearly visible in the distributions of k. The regions occupied by the stator wake segments can also be identified as the layers with low phaseaveraged momentum, low flow angle, significant variations in the magnitude of xy S , as well as vorticity and shear stress with alternating signs on both sides of the wakes.
A peculiar flow phenomenon develops at the intersections of stator and rotor wakes. It consists of: a. A distinct peak with high turbulent kinetic energy, leading us to define it as a turbulent "hot spot". Two such peaks are evident in the sample shown, at (x/C Rx =0.62, y/C Rx =0.64) and at (1.6, 1.42), the latter belonging the wake of another blade. The level of k within the hot spot at (0.62, 0.64) is about twice the level in the rotor wake in the vicinity of the spot, and about 20 times the level in the (relatively) low turbulence zones outside of the wakes. Below the maximum k point, there is a "kink" in the trajectory of the rotor wake. and Reynolds shear stress ( −u'v'). x=0 is the rotor trailing edge and C Rx =24 mm is the rotor axial chord. U tip = 12.8 m/s is the blade tip speed at 800 rpm. The arrows indicate the location of stator wake segments. Negative vorticity is out of the plane of the paper.
Figure 7:
A vector map of the velocity relative to the velocity at the center of the (0.62, 0.64) vortex overlaid on the vorticity distribution. The arrows indicate location of the stator wake segments (see also Figure 6 ). Negative vorticity is out of the plane of the paper. b. Regions with high and low mean velocity magnitude are located within the rotor wake on both sides of the high turbulence peak, with the highest velocity gradients coinciding with the point of maximum turbulence. Together with two additional local peaks located to the left of the rotor wake, one within the stator wake segment (minimum) and the other above it (maximum), they form a quadruple of local extremums. Parts of the same arrangement can be seen around the second hot spot.
c. In the wake with a hot spot at (0.62, 0.64), the point with maximum flow angle coincides with the turbulence peak. In the other wake, the angle peak is located slightly above and to the left of the maximum k point. The distribution of flow angles clearly shows the "kink" in both rotor wakes. d. A region with negative vorticity that coincides with the hot spot, giving the impression that the phase-averaged vorticity sheet trailing from the rotor rolls up into a large vortex (0.62, 0.64). The vorticity in the rotor wake path downstream of this point is significantly lower. The rotor wake region with positive mean vorticity seems to circumvent the concentrated negative peak and then splits into two branches, one continuing with the rotor wake and the other aligned with the stator wake. Below the hot spot the rotor wake continues to be divided to layers with positive and negative vorticity. The vorticity peak at (1.6, 1.42) appears already separated from the sheet, but the overall pattern persists. e. Discontinuities in the distributions of v u ′ ′ − . In both rotor wakes shown, the region with negative stress has a kink just above the center of high vorticity (and high k) region. At the center there is abrupt transition from negative to positive Reynolds stress. Below the hot spot the rotor wake is again divided to layers with negative and positive Reynolds stresses. f. Two layers with negative and positive mean strain-rate extends from the trailing edge of the blade. In the vicinity of the (0.62, 0.64) hot spot (only) the high negative strain rate region has a trajectory that coincides with the layer of high negative Reynolds stress. Almost exactly at the center of the hot spot there are abrupt changes to the strain magnitude. For both rotor wakes shown there are four distinct strain peaks arranged in a quadruple configuration, two with positive peaks and two with negative peaks.
Measurements performed further downstream (not shown), of the rotor blade reveal that the structures developing at the intersection of wakes diffuse but are still clearly evident, at least up to 2 chordlengths downstream of the rotor blade (future measurements will track them further downstream).
In order to further elucidate the flow structures involved and the reasons for their formation, Figure 7 shows a vector map of the phase averaged velocity overlaid on the vorticity after subtracting the mean velocity at the center of the (0.62, 0.64) hot spot. The two negative vortices are clearly evident along with the elongated "vortical structure" with positive vorticity trailing behind the blade. Examinations of this plot and Figure 6 indicates that the kink in the blade wake is caused by (related to) discontinuities in the trajectories of the stator wake across the rotor wake caused by differences in velocity in the suction and pressure sides of the rotor blade. Consequently, just below the kink in Figure 7 , the region to the left of the rotor wake is part of a stator wake segment, whereas the region to the right of the rotor wake is not part of the stator wake, and has a significantly higher horizontal velocity than stator wake segments above and below it. This relatively high u region pushes part of the rotor wake to the left creating the kink. Since the domain to the left of the point of maximum vorticity in the rotor wake has low momentum (see Figure 6 ), the relative flow is diverted either upward (along the axis of the rotor wake) or downward. The upward flow generates the concentrated vortex. Examination of the instantaneous data near the vortex center reveals that the high turbulence level at this location is caused by slight variations in the location of the vortex (meandering) and the high velocity gradients at this location.
As the rotor wake is being shed it is periodically deformed by the local non-uniformities in the advection velocity resulting from the discontinuities in the stator wake. Since these discontinuities are caused by differences in the velocity on the two sides of the blade, their extent are related to the blade loading. Thus, one should expect to find different levels of wake kinking on different blades, but the phenomenon is an inherent result of the chopping of the stator wake by the rotor. Consequently, one should expect to find similar phenomena in Test Setup No. 1, except that the additional 1 st stage rotor wake, and the fact that it engulfs the 2 nd stage rotor complicates matters even further.
Clear indications that the wake kinking and the resulting domains with concentrated vorticity, elevated turbulence levels, variations in shear strain and Reynolds stress for Test Setup No. 1 are presented in Figure 8 . In this example there are two kinks with the regions containing concentrated negative vorticity centered around (0.16, 0.17) and (0.255, 0.03). The distributions of u and k confirm that these kinks also occur in regions with velocity mismatch across the rotor wake associated with the discontinuity in stator wakes. The Reynolds stress distributions are also quite similar. Above the (upper) kink v u ′ ′ − is positive, and just above it a layer with negative stress that curves around the center of the vortex forms. Two stress layers with opposite signs appear below the kink. The strain distributions in Figure 8 are also shifted relative to the vorticity and it is more difficult to identify the quadruple arrangement. However, one can still observe zones with positive strain rate peaks immediately above and below the kink, consistent with the results in Figure 6 .
Unlike the distinct negative vortex of Test Setup No. 2, the upper negative "vortex" of Test Setup No. 1 (Figure 8a ) is more elongated and the lower one is spread over a wider area. In fact the negative vorticity area is comparable in shape to the region with positive vorticity. As a result, the velocity gradients near the vortex centers are not as distinct, resulting in broader regions with elevated turbulent kinetic energy (k is higher everywhere). Consequently, as the wakes of blade setup No. 1 evolve, the broad high k peaks not necessarily coincide with the negative vorticity peaks. However, they do form and persist, as Figure 3 shows (as well as data obtained in other phases). Furthermore, we have also identified hot spots at the intersection of the (far field) wakes of the 1 st stage rotor and stator as they arrive to the 2 nd stage rotor ( Figure 5 , t/T=0.5 and 0.7). Note that this flow phenomenon is different since the 1 st stage rotor operates in a wake-free region, and is then chopped by the 1 st stage stator. Consequently, one should expect to find some differences in the structure of the interactions, especially since the wake of the present stator is larger and wider than that of the rotor (Uzol et al. [26] [27], Chow et al. [8] ). The details on these interactions will be the focus of future papers.
CONCLUSIONS
PIV measurements covering the entire 2 nd stage of a twostage turbomachine enable us to study the complex flow and turbulence structure resulting from blade-wake and wake-wake interactions in a multi-stage turbomachine. Two blade geometries are used in order to highlight and elucidate complex phenomena involved, as well as to demonstrate that some of the interactions are characteristic to turbomachines and can be found in a variety of geometries. We are not going to repeat here all the details reported in the previous sections. However, some of the main findings should be emphasized.
The first part of the paper deals with the interaction of a 2 nd stage rotor with the wakes of both the rotor and the stator of the 1 st stage. Even before interacting with the blade, localized regions with high/concentrated mean vorticity and elevated turbulent kinetic energy and Reynolds shear stress form at the intersection of the rotor and stator wakes of the 1 st stage. These phenomena persist even after being chopped by the blade. As the wake segment of the 1 st stage rotor blade arrives to the 2 nd stage, the rotor blades cuts through it, separating the region with positive vorticity (left side) that travels along the pressure side of the blade, from most of the region with negative vorticity that remains on the suction side. Cutting through the 1 st stage rotor wake also submerges the blade in a wide flow domain with elevated turbulence levels and positive Reynolds stress on both sides of the blade. As it passes through the rotor, the stator wake is chopped-off by the blades. Due to difference in mean vertical velocity, the stator wake segment on the pressure side is advected upward faster than the segment on the suction side (in the absolute frame of reference), creating discontinuities in the wake trajectory.
The non-uniformities in phase-averaged velocity distributions generated by the wakes of the 1 st stage persist while passing through the 2 nd stage rotor. For example, the 1 st stage rotor wake increases the vertical (~tangential) velocity component and flow angle along the pressure side of the 2 nd stage rotor blade, and the 1 st stage stator wake generates regions with low axial velocity. The combined effect of the 1 st stage wakes causes 10°-12° variations of flow angle along the pressure side of the blade, which will result in significant phasedependent variations in work input of the blade row. Thus, in spite of the large gap between the 1 st and 2 nd stage rotors (6.5 rotor axial chords), the wake-blade interactions are substantial.
The second part focuses on the details of the flow structure at the intersection of the wakes generated by a rotor and a stator located upstream of it. The honeycomb separating the 1 st and 2 nd stages of setup No. 2 enables us to obtain a clearer picture on the flow/turbulence structure, but the same phenomena persist in both systems. In both cases the rotor wake is sheared by the non-uniformities in the horizontal velocity distributions, which are a direct result of the "discontinuities" in the trajectories of the stator wake across the rotor wake. This shearing creates a kink in the trajectory of the rotor wake, a quadrupole structure in the distribution of strain, regions with concentrated vorticity, high turbulence levels and high shear stresses (the latter with a complex structure that resembles the mean strain). The instantaneous data near the vortex center reveals that the high turbulence level is greatly affected by variations in the location of the vortex (meandering) and the high velocity gradients at this location. Although the "hot spots" diffuse as they are advected downstream, they still have elevated turbulence levels compared to the local levels around them. In fact, it seems that every region of wake intersection has an elevated turbulence level. We plan to follow the evolution and dissipation of these hot spots in future papers. It has to be kept in mind that all the measurements reported in this paper are two-dimensional and at mid-span. We have actually recorded 2D data on two other radial planes (the hub and the tip). Midspan measurements are just the starting point of our studies. Our future measurements will also include 3D stereoscopic PIV measurements in different radial planes.
